Large Eddy Simulation (LES) and Unsteady Reynolds-Averaged Navier-Stokes (URANS) calculations are performed for flow over a 25
I. Introduction
Many practical engineering applications exhibit flow separation and reattachment. The phenomenon of flow separation and the stages that lead to it have been studied in great detail in the past. Yet, investigating the flow characteristics in the separated region and reattachment region is still an area of active research. The capability to simulate the separation and reattachment process is critical to understand the strategies we need to control the separation. Controlling boundary layer separation using passive and active methods is an ongoing research topic. The ability to control boundary layer separation effectively can be leveraged to reduce drag and increase lift on airfoils at low Reynolds number, 9 to reduce losses in subsonic diffuser 2 and to reduce after-body drag in aircraft fuselage.
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A great amount of work has been done in understanding flow separation like Stratford's work on developing the criterion for turbulent boundary layer separation on a flat plate 24 (1959) . Work done by Simpson et al. 21 on measurements of adverse pressure gradient flows revealed that the log law is maintained until close to separation. More recently, Direct Numerical Simulation (DNS) of separating turbulent boundary layer done by Na and Moin 19 revealed stark similarities in the kinetic energy budget in the separated region to that of a plane mixing layer. Along with studying the underlying universal nature of the boundary layer in separated regions, the subsequent reattachment and recovery of the boundary layer have been investigated with equal interest. In the review on recovery of a boundary layer, Smits et al. 22 report that the recovery process initiates from the wall and grows outwards in the shear layer. However, Alving et al.
1 present a contrary view observed while studying mild separation of a turbulent boundary layer in which the recovery process is initiated in the outer layer. Conventionally, passive vortex generators (VGs) that are approximately of the size (h) of the boundary layer thickness (δ) have been used to control flow separation. When an attached boundary layer encounters an adverse pressure gradient it expends its momentum against the pressure gradient to remain attached to the surface. The point at which the velocity gradient at the wall becomes zero the flow can no longer remain attached and separates from the surface. The manner in which passive VGs help in controlling flow separation is that they energize the boundary layer by entraining high momentum fluid from the mean flow to the near wall region as seen in figure 1 . 17 This helps to keep the boundary layer attached to the surface. Passive VGs can be used effectively if the point of separation is well defined in the flow domain. They were first used by Taylor 25 in 1947. Since then many configurations like the cylinders, the Wheeler doublets, wish-bones etc. 16 have been studied. Traditionally, VGs with h ∼ δ have been used in aerospace applications for localized flow control over short streamwise distances. 17 However, these VGs have a greater device drag associated with them on account of their large size. Therefore, it is expected that an optimal configuration and shape can be developed for low-profile VGs for applications where the separation point is fixed. Lin 17 has documented the significant milestones in the study of low-profile passive VGs in controlling boundary layer separation. In the exploratory study done by Rao and Kariya 20 they suggest that the submerged VGs with h/δ 0.65 have better performance because of the low device drag. From 17, 20 and several others it is clear the effectiveness of the VG in controlling boundary layer separation depends on the size of the VG (h) relative to the boundary layer thickness (δ), the spanwise spacing between the VGs (∆z/h) and the streamwise distance between the VG trailing edge and the line of separation (∆x/h).
The aim of this study is twofold. First, we seek to understand the effect of a VG (h/δ ∼ 0.6) on the separation and reattachment process when the flow separates from the edge of the ramp. Second, we seek to evaluate the performance the k − ω SST URANS model in predicting the flow characteristics. To achieve the first objective a wall resolved LES of flow over a 25
• backward facing ramp is performed using the dynamicone equation eddy viscosity model 6 with and without a passive VG. To achieve the second objective URANS calculations of the same flow are performed and the results are compared with LES data.
While several studies have been done in the past to control separation using passive VGs they are experimental in nature and a high-fidelity numerical substantiation on this geometry is lacking. The novelty of this work is that we perform a wall resolved LES of the flow (on our fine mesh). Also we use a synthetic time varying inflow boundary condition to replicate a spatially evolving flat plate boundary layer. The geometry, mesh specification and numerical setup of our simulations is explained in section II followed by a discussion of the results in section III. 
Test matrix
The test matrix for the backward facing ramp tests is shown in Figure 1 . 
II. Computational setup

II.A. Geometry
A 25
• ramp is used to study flow separation from the edge of the ramp. The ramp height is denoted as H as seen in figure 2. The dimension upstream of the ramp surface is 6H and downstream ramp surface is 6H in length. The Reynolds number (Re H ) based on the free-stream velocity and the ramp height (H) is 28,956. The width of the domain is 4.7H. The boundary layer thickness (δ o ) at the inlet of the domain is δ o /H = 0.394. We choose to work with this geometry primarily because of two reasons. First, it is a canonical geometry with a fixed point of separation which is ideal for passive flow control. Second, the ramp angle and height are the only two parameters required to define the geometry. According to prior work done on separation control using passive VGs, vane-type VGs with h/δ o ∼ 0.2 are found to be most effective when placed at a streamwise distance of 5h − 10h from the point of separation. 16, 17 However, to determine the optimal VG configuration for the backward-facing ramp it is important to understand the effect of the VG on the flow. Therefore, we consider a single cube placed in the plane of symmetry of the domain. The height (h) of the VG is h/δ o = 0.64. The VG is placed at a distance of x vg = 3h upstream from the ramp edge. The choice of using the cube as a VG for optimal flow control was motivated by the fact that it has a single length dimension associated with it which helps us to reduce the dimensions of the parameter space. We will explore the parameter space with different cube heights (h cube ) and upstream VG locations (x vg ) in our future work.
II.B. Mesh specification
To numerically investigate flow over a backward facing ramp using LES, we designed the mesh to have high resolution near the wall region. In wall coordinates the average grid spacing is ∆ where ∆ is the grid spacing in physical dimensions, uτ is the friction velocity at the wall and ν is the kinematic viscosity of the fluid. The background mesh is refined locally such that the region 4.9H ramp upstream of ramp edge, over the ramp and 4.3H ramp downstream of the ramp has uniform resolution in streamwise and spanswise flow directions while a small grading in refinement exists in the wall normal direction. In the spanwise direction we used a finer grid spacing near the center plane and the region adjacent to the sides of the domain to capture any effects on the flow influenced by the side walls. The vortical structures around the cube are not affected by width (W ) of the domain as long as W/h cube > 5.
7 From LES results of flow past a cube placed in a channel 13 it was found that the horse-shoe vortex formed in front of the cube extends to a distance of 1.6h cube . Dandois et al. 5 (2007) performed DNS of active separation control of flow over a backward-facing smooth ramp. In this study they reported that for y/H ramp > 2 the flow is quasi-potential in nature. Based on these facts from prior work we chose to refine the mesh locally as seen in figure 3 .
II.C. Numerical setup
In the LES study, the filtered incompressible Navier-Stokes equations are solved using the dynamic-one equation eddy viscosity model as described by Germano et al. 6, 10 In the URANS study, the Reynolds Averaged Navier-Stokes equations are solved using the k − ω SST model. 27 A second-order linear upwind stabilized transport scheme is used for the convective term and a second-order central scheme with explicit correction for the diffusion term. A second-order implicit backward scheme is used for time marching. We used the OpenFOAM CFD package to perform the numerical simulations.
The simulation is run for a total time of 900H/U ∞ . For the LES calculations the statistical averaging is performed from t = 450H/U ∞ . We allow 60 "flow throughs" before statistically averaging the data to avoid contamination of results due to the initial transient. The time required for one "flow through" is defined as time required for the flow to move past the downstream surface of the ramp with an average velocity (U avg ≈ 0.8U ∞ ). The boundary conditions for the simulation are no-slip on the bottom wall, ramp and the surface of the cube. A slip wall boundary condition is used on the side and top walls. A zero-gradient boundary condition is specified at the outlet. In the URANS study a constant mean turbulent boundary layer profile given by Spalding 23 (1961) is used as a inflow boundary condition. In the LES study a time varying turbulent boundary layer condition is used at the inlet as described in section II.C.1
II.C.1. Inflow boundary condition
To simulate a spatially evolving turbulent boundary layer (SETBL) on the upstream ramp surface a synthetic time varying velocity profile is prescribed at the inlet. The turbulent boundary layer is obtained by adding fluctuations on a mean velocity profile. The mean velocity profile given by Spalding In order to generate the time varying fluctuations we generated a random initial solenoidal field in a cube as described in Appendix A of Johnsen et al. 8 (2010) . Since the fluctuation field obtained by this procedure is homogenous and isotropic whereas the turbulent wall-bounded flow over the ramp is non-homogenous in the wall-normal direction, we modify the fluctuation field according to the procedure outlined by Le 14 (1995). The Reynolds stress profiles at the inlet match well with those of Wu et al. 28 as seen in figure 4 . He performed DNS of flow over a backward-facing step. As described by Le 14 the SETBL requires a transition length of x/δ o ≈ 10. We tested this method on various grid resolutions. The boundary layer growth profiles and turbulent intensities agree well with DNS results of Wu et al.
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The inlet boundary condition is varied at a time step given by the grid velocity, ∆t = ∆ xavg /U ∞ , where ∆ xavg is the average grid spacing in the streamwise direction. For all the results presented in this paper, the simulations were performed with an inlet boundary layer thickness of δ o /H = 0.394.
III. Results and discussion
III.A. Mean and intergral quantities
In this section we will compare the URANS predictions with our wall resolved LES results for the cases with and without the VG.
In figure 5 we observe the variation of time averaged skin friction along the bottom wall in the center plane of the domain. In the case without the VG in figure 5(a) at x/H ramp = 0 the sharp drop in the skin friction marks the point of flow separation along ramp top edge. The skin friction is negative from x/H ramp = 0 to 2.1 because of the recirculation bubble on the ramp. The sharp spike at x/H ramp = 2.1 is due to near stagnation conditions at the bottom edge of the ramp. Along the bottom wall of the ramp between x/H ramp = 2.1 and 3 the negative velocity close to the wall increases followed by a recovery of the velocity to a positive value near the wall at x/H ramp = 5. Beyond this point the boundary layer gets attached to the bottom wall and it begins to recover the attached turbulent boundary layer structure. Similar observations can be made from figure 6(a). The wall pressure coefficient shows a favorable pressure gradient on the surface upstream of the ramp followed by a region of uniform value on the ramp where the flow is separated. At x/H ramp = 2.1 we observe a pressure spike due to the stagnation conditions at the bottom ramp edge. A strong adverse pressure gradient is present at x/H ramp = 2.1 due to flow stagnation near the ramp bottom corner. The flow gets attached to the bottom wall at x/H ramp = 5. This point is marked by a positive C f in figure 5(a) and a favorable pressure gradient in figure 6 (a). Beyond this point the boundary layer remains attached to the bottom wall and begins to recover. URANS simulations predict the reattachment length reasonably well as compared to the LES calculations.
In the presence of the VG at x/H ramp = −0.75 a large fluctuation in C f and C p can be seen in the vicinity of the cube from figures 5(b) and 6(b). Before the flow encounters the cube the URANS overpredicts the skin friction on the upstream surface on the ramp as seen in figure 5(b) . The stagnation of flow in front of the cube and recirculation near the back of the cube causes negative skin friction. It also leads to high stagnation pressure in front of the cube and a low pressure region near the back surface as seen in figure  6(b) . On the ramp surface the flow is attached as suggested by a positive C f and constant wall pressure distribution as seen in figures 5(b) and 6(b) respectively. Near the bottom ramp corner a small value of negative skin friction coefficient suggests some reverse flow but it has a smaller magnitude as compared to the case with no VG. The flow attaches to the surface at x/H ramp = 4. The attachment length is reduced by 1H ramp with the use a passive VG. The URANS predicts the overall variation of C f and C p reasonably well but fails to capture the right magnitude in the separation region. This discrepancy could be because of the inadequacy of URANS to model the separated flow and the lack of adequate Reynolds stresses inside the boundary layer on the surface upstream of the ramp. We will verify this hypothesis by using a steady turbulent inflow boundary condition in URANS simulations. at x/H ramp = 6 in figure 7(a) we observe an inflection point at y/H ramp = −0.6 in both LES and URANS results. This suggests that the downstream length of the domain is not long enough for the velocity to recover completely. After the flow separates from the ramp edge the LES results have a higher magnitude than corresponding URANS profiles which we think is due to higher levels of turbulence in the LES results on account of the inlet condition. As seen from figures 7(b), 8(c) and 8(d) the streamwise velocity is highly modified in the presence of the VG. On the top surface of the ramp the recirculation of flow behind the cube entrains streamlines closer to the ramp surface. The velocity profiles on the ramp in figure 7(b) are attached to the surface with a clear inflection point. The flow attaches to the bottom wall at x/H ramp = 4 and the boundary layer recovers downstream from this point. The LES velocity profile at x/H ramp = 6 resembles to a turbulent flat plate boundary layer. Comparing the x-component of mean streamwise velocity profiles without the VG in figure  7 (a) and with VG in figure 7 (b) near x/H ramp = 6 we can conclude that the boundary layer has recovered to a greater extent in the presence of the cube. Figure 8 describes the variation of x-component of mean velocity in the symmetry plane, with and without the VG. Without the VG we observe a larger recirculation bubble at the bottom edge of the ramp in figures 8(a) and 8(b). The center of the recirculation bubble in LES in figure 8(a) is closer to the bottom wall as compared to the URANS prediction in figure 8(b) . We believe this discrepany is because of the inability of the k − ω SST to model the Reynolds stress in the separation region. In the presence of the VG in figures 8(a) and 8(b) we observe higher magnitude of negative velocity behind the cube with URANS. The flow is attached on the ramp surface with a smaller recirculation bubble near the bottom edge of the ramp as compared to the case without VG.
In figure 9 we observe the variation in the turbulent kinetic energy (TKE) in the center plane of the domain, with and without a VG. In the case without VG in figures 9(a) and 9(b) a large increase in the TKE is observed downstream from the ramp edge in the separated shear layer. This peak in TKE is above the separation bubble formed near the bottom edge of the ramp. We clearly observe higher levels of TKE in LES. The separation induced KE slowly diffuses near the wall and the flow gets attached to the bottom wall. However, in the case with VG we observe from figures 9(c) and9(d) that the flow is perturbed by the VG upstream of the separation line. On account of the TKE produced at the VG a smaller separation bubble is formed at the bottom edge of the ramp. The reattachment length is reduced in this case. From the LES contours seen in figure 9 (c) we observe more turbulent kinetic energy close to the wall on the ramp and the bottom surface as compared to URANS in figure 9(d) . This can be explained by observing lower magnitude of Reynolds stresses in the separation region in URANS calculations as described in section III.B.
III.B. Turbulence statistics
The streamwise and wall normal Reynolds stresses are plotted at different streamwise locations in figure 10 and figure 11 . On the surface upstream of the ramp the URANS calculations have negligible turbulence near the wall. This is because of the lack of Reynolds stresses at the inflow boundary in URANS simulations. Whereas in the LES results we observe Reynolds stresses in the near wall region on the upstream ramp surface. The symbol " " represents time averaging of the Reynolds stress component. As expected both u 2 and v 2 have a higher magnitude in the separated region as compared to the upstream surface. The higher magnitude of Reynolds stresses downstream from the VG manifests as higher turbulent kinetic energy near the wall in the separation region. On the upstream surface of the ramp the boundary layer is attached to the bottom wall and the variation of the streamwise Reynolds stress (u 2 ) resembles that of a flat plate turbulent boundary layer in figures 10(a) and 10(b) at x/H ramp = −1.8. In the separation region at locations x/H ramp = 1, 2.2, 4 and 5 in figures 10(a) and 10(b) we observe two basic characteristics observed in separated shear layer flows. One, the boundary layer thickness is increased. Two, higher Reynolds stress in the shear layer than that observed closer to the wall. Now if we closely observe the magnitude of u 2 next to the wall in figures 10(a) and 10(b) we can conclude that in the presence of the VG the streamwise Reynolds stress is higher close to the wall than that observed without the VG. At the last streamwise location (x/H ramp = 7) the magnitude of u 2 closer to the wall is higher than that in the shear layer in figure 10(b) . Also the variation of u 2 resembles that inside a flat plate turbulent boundary layer. This is because the separated boundary layer is attached earlier in the presence of the VG and has recovered to a greater extent as compared to the case without VG in figure 10(a) .
The flow reattaches at x/H ramp = 5 without VG and x/H ramp = 4 with VG as seen from the streamwise variation of skin friction in figure 5 . Now, if we look at the magnitude of u 2 close to the wall after the flow reattaches in figure 10 we notice that the value remains nearly constant. However, the magnitude of u 2 in the outer layer is monotonically decreasing. This suggests that the rate of recovery is different in the near layer and outer layer. The inner layer recovers faster as compared to the outer layer. Similar observations were made on a 2D backward-facing smooth ramp by Wasistho et al. 26 In both cases without and with VG the URANS calculations underpredict the magnitude of streamwise Reynolds stress. We think this is because of the lack of near wall turbulence prior to separation in the URANS simulations. The variation of the wall normal Reynolds stress observed without the VG in figure 11(a) is similar to the the behaviour of the streamwise component observed in figure 10(a) . Higher magnitude of v 2 in the separated shear layer moves closer to the wall as the boundary layer attaches and recovers. However, in the presence of the cube we observe a different pattern. In figure 11 (b) we observe that higher magnitude of v 2 moves from close to the wall at x/H ramp = 1 to away from the wall x/H ramp = 2.2. At later streamwise locations the peak magnitude of v 2 remains the same but the profile begins to smoothen as the boundary layer recovers. The wall normal stress levels slowly decay across the shear layer exhibiting a strong effect of flow separation. The inner layer recovery observed in u 2 is not seen in v 2 , possibly because the peak of the wall normal Reynolds stress is located away from the wall. The URANS calculations do a poor job is capturing the variation of the wall normal Reynolds stress in cases without and with the VG.
The presence of the cube induces Reynolds stresses close to the wall in the center plane. Two important observations that can be made from the Reynolds stress profiles are that, the recovery of the Reynolds stresses is much slower than the mean boundary layer profile and the peak magnitude of the Reynolds stress profiles lie in the region where the velocity profiles experience inflection. Similar observations have been made of separated flows over a backward-facing step. These higher magnitudes of Reynolds stresses manifest as higher levels of turbulent kinetic energy (TKE) close to the wall in the separated region as seen in figure  9 . The entrainment of TKE from the mean flow to the near wall region by the VG reduces the reattachment length from 5H ramp to 4H ramp .
III.C. Proper orthogonal decomposition (POD) analysis
Proper Orthogonal Decomposition (POD) of unsteady flow fields help us identify the dominant modes in the flow based on their energy content.
15, 18 Two-dimensional separated and reattaching flows are known to exhibit two dominant characteristics namely, the vertical flapping motion of the separated shear layer and large scale vortices formed in it. 4, 11 We perform POD analysis of LES data to identify dominant modes in the separation region and investigate the effect of VG on these modes. POD consists of expressing the instantaneous flow field u(x, t) as a function of the mean velocity u(x) and the fluctuating component u (x, t). The fluctuating component u (x, t) is approximated as function of orthogonal vectors φ i (x).
In equation 1, φ i (x) refers to the i th POD mode. The POD modes are arranged in descending order of energy based on the magnitude of their corresponding eigenvalues. Therefore, the first mode captures most energy of the flow, second mode captures second most energy amongst all modes and so on. This is evident from figure 12 . In our POD analysis we used 500 snapshots gathered from LES in the center plane of the domain in cases with and without the VG. The snapshots were captured at a sampling frequency of 100U ∞ /H ramp . In the case with no VG in the domain the 1 st POD mode captures 14% of the turbulent kinetic energy (TKE), the 2 nd mode captures close to 10%, while the 3rd mode captures 8% of the kinetic energy. This trend in the variation of TKE is similar to that observed by Kourta et al. 12 for flow over a 25
• backward-facing ramp at a Reynolds number of Re H = 1.85 × 10 5 . In the presence of the VG the 1 st mode contains 17% of TKE whereas as the 2 nd and the 3 rd modes have values similar to the case with no VG. We believe the higher value of TKE in the 1 st mode in the case with VG is due to more TKE in the snapshots introduced by the VG. The alternating positive and negative patches observed in the POD modes in figures 13 and 14 are not as distinct as those observed by Kourta et al. 12 in their analysis. We think this is because a much higher sampling frequency used in our analysis. Even then we observe that the number of alternating patches increase with increasing modes for cases with and without the VG for both the components. If we define a wavelength as the distance between the centers of two similar patches then from figure 13, the 1 st mode has a wavelength 4H ramp , the 2 nd mode has a wavelength of 2H ramp while the 3 rd mode has a wavelength of 1H ramp .
In the POD modes of y-component of velocity in figure 14 we observe similar behavior as the x-component. The wavelength of the modes decreases as the mode number increases. However with a close look at the modes without the VG and with VG in figure 14 we observe that with the VG, positive and negative patches are closer to the wall with a distinct negative patch approximately on the middle of the ramp. This phenomenon is not seen in the x-component modes in figure 13 . This observation is also in agreement with the fact that wall-normal Reynolds stresses diffuse from close to the wall to away from the wall in the presence of the VG. We are unable to capture the dominant flapping motion of the shear layer in the case with no VG reported by Cherry et al. 4 and Kiya et al. 11 for separated shear layers. We think a smaller sampling frequency will help us capture the dominant flapping mode in the separated shear layer. We can however capture the large scale vortical structures in higher POD modes (mode 2, 3) as excepted. 
IV. Conclusions
In this study LES and URANS calculations of flow separation on a 25
• backward-facing ramp with and without a VG (h ∼ 0.6δ) is performed. The LES simulations are wall resolved with a grid spacing ∆ + y ∼ 1. The results are considered as baseline for comparing the accuracy of the k − ω SST model for URANS calculations. A synthetic inflow condition was used as a inlet boundary condition for LES to replicate a spatially evolving turbulent boundary layer on the upstream surface of the ramp whereas as a mean turbulent inflow was used for URANS simulations. Comparing the URANS and LES results indicates that the URANS calculations do a decent job in predicting mean quantities like skin friction on the bottom wall and the reattachment length. However, they fail to capture the magnitude of mean velocity and turbulence stresses in the separated region.
From the LES simulations the reattachment length on the downstream surface was found to be x/H ramp = 5 with no VG and x/H ramp = 4 in the presence of the VG. A reduction of 1 H ramp in reattachment length was obtained using a passive VG of height h = 0.64δ o . URANS simulations predict the reattachment length in both the cases. We believe the discrepancy in the URANS predictions could be due to the lack of turbulence inside the boundary layer prior to separation augmented by the inadequacy of k −ω SST model to capture Reynolds stresses in the separated region. We plan to verify this hypothesis by performing URANS calculations with a steady turbulent boundary layer inflow condition.
The VG helps in the reattachment process by entraining turbulent kinetic energy (TKE) from the mean flow to the near the wall region. Higher magnitudes of streamwise (u 2 ) and wall normal Reynolds stress (v 2 ) close to the wall manifests as TKE entrained from the mean flow to the near wall region. This helps to reduce the separation region and expedite the boundary layer recovery process. The inner layer recovers at a faster rate as compared to the outer layer as indicated by the streamwise Reynolds stress profiles at different streamwise locations. The recovery of Reynolds stresses in the outer layer is much slower than that of the boundary layer itself.
The POD analysis reveals the need of a smaller sampling frequency in our future study. However, we do capture the large vortical structures in the separated shear layer. Also the POD modes for y-component of velocity move closer to the wall in the presence of a VG which is consistent with our deductions from the Reynolds stresses. We plan to use the POD modes for reduced ordered modeling in future.
